Nitric oxide (NO) can induce cell death; however, NO-induced cell death may be dependent/conditional on factors other than NO itself. Whether NO kills a particular cell depends on the amount of NO, source of NO, time of exposure to NO, cell type and the levels of other factors including, particularly oxygen, superoxide, H 2 O 2 , antioxidants, thiols and glycolysis.
Introduction
NO is an important regulator of cell viability and death depending on its concentration, source of production and pathological conditions. In a variety of cell types, expression of iNOS (inducible nitric oxide synthase) can be induced by pathogens or cytokines, and iNOS-derived NO is generally believed to be a key cytostatic and cytotoxic molecule participating in the innate immune response. The expression of iNOS is also associated with inflammatory degeneration of host tissues. However, iNOS expression alone in activated cells is usually insufficient to cause cell death suggesting that NO requires some other factors or conditions to be present to cause cell death. The purpose of this review is to discuss this conditionality of NO-induced cell death.
NO itself is relatively unreactive; however, it may be converted to a number of more reactive derivatives [e.g. RNS (reactive nitrogen species)] [1] [2] [3] . NO and various RNS each have different lifetimes and kill cells with different potencies and by different mechanisms, and therefore when a cell is exposed to NO, whether it dies and by what mechanism depends on the rate at which NO is converted to these other species. Conversion of NO to particular RNS may depend on the simultaneous presence of particular ROS (reactive oxygen species), but NO or RNS can also induce the production of particular ROS.
Two main types of NO-induced cell death can be distinguished: (i) energy depletion-induced necrosis and (ii) oxidant-induced apoptosis [2] . NO-induced cell death can be induced either (a) by NO itself directly (mainly via inhibition of cytochrome oxidase, in which case death is promoted by hypoxia and low glycolysis) or (b) by derivative RNS or induced ROS, in which case death depends on overcoming antioxidant defences.
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NO-induced cell death via energy depletion is dependent on oxygen and glycolysis
NO or RNS can cause necrosis by depleting the cell of energy (ATP) via: (i) inhibiting mitochondrial respiration, (ii) inducing MPT (mitochondrial permeability transition), (iii) inhibiting/uncoupling glycolysis and (IV) activating PARP [poly(ADP-ribose) polymerase]. NO itself (rather than RNS) is not potently cytotoxic, but can induce cell death by inhibiting cytochrome oxidase if oxygen is low and glycolysis is insufficient to compensate. NO inhibits cytochrome oxidase in competition with oxygen, raising the K m of cellular respiration into the physiological range of oxygen concentrations, thus potentially sensitizing cells to hypoxia. Short exposure of the aorta to hypoxia did not cause significant necrosis of the vessel wall in the absence of NO, but caused extensive necrosis in the presence of NO donor or iNOS expression [4] . Similarly, other investigators have reported that hypoxia sensitizes to NO donor-induced apoptosis in fibroblast cell line or cultured endothelial cells [5, 6] .
In neurons, NO inhibition of mitochondrial respiration results in glutamate release, which kills by excitotoxic mechanisms and this cell death is greater in hypoxic conditions [7] [8] [9] . Activated, iNOS-expressing glia or low concentrations of NO from NO donor synergize with hypoxia causing apoptosis of cerebellar granule neurons [8] . This NO plus hypoxia-induced neuronal apoptosis is switched to necrosis when glycolysis is inhibited with deoxyglucose, indicating that glycolytic ATP is required for apoptosis to proceed [8] . In macrophages, the glycolytic intermediate 3-phosphoglycerate reduced NO-induced necrosis, but stimulated NO-induced caspase activation and apoptosis [10] . In aorta, NO plus hypoxia-induced cell death was substantially reduced in the presence of 3-phosphoglycerate [4] . Thus high glycolysis may prevent NO-induced necrosis in some cells. However, long-term exposure to NO (or rather RNS) may cause glycolytic inhibition, which together with respiratory inhibition causes necrosis [10] .
Dependence of NO-induced apoptosis on NO species, oxidants, antioxidants and glutathione levels
If glycolysis is sufficient to prevent necrosis, NO can still cause apoptosis via oxidative stress. Specific inhibitors of the mitochondrial respiratory chain have been shown to induce caspase-dependent cell death in such conditions; however, NO donor-induced apoptosis appears to be more rapid and potent [11] , thus respiratory inhibition cannot fully explain NO-induced apoptosis. We have shown that in macrophages, NO increased H 2 O 2 levels and induced rapid (in 4-6 h) caspase activation, which was prevented by antioxidants, particularly catalase, and was sensitive to inhibition of p38 protein kinase, suggesting that NO-induced apoptosis may be mediated by H 2 O 2 . Glutathione depletion before NO exposure blocked apoptosis, but increased NO-induced necrosis [10] , probably because glutathione prevents NO inhibition of (a) caspases and (b) glycolysis.
Under some inflammatory conditions, S-nitrosothiols or peroxynitrite may be produced. In this case the mechanisms of cell death may be different. We and other groups have observed that S-nitrosothiols and peroxynitrite added to isolated mitochondria induced MPT-related cytochrome c release and this leads to caspase activation and apoptosis in macrophages, thymocytes and other cells [11] [12] [13] [14] . S-nitrosothiols are particularly potent in inducing MPT and apoptosis in perfused heart, causing cyclosporin A-sensitive cytochrome c release and inhibition of mitochondrial functions within 15 min of perfusion [14] .
Dependence of NO-induced cell death on superoxide production
In addition to expressing iNOS, inflamed tissues may activate the PHOX (phagocytic NADPH oxidase) producing superoxide within intracellular vesicles or outside the cell. Superoxide rapidly reacts with NO to produce peroxynitrite, which is more cytotoxic than NO, partly via activating PARP. We found that in macrophages, iNOS expression (induced by bacterial endotoxin/interferon-γ ) or PHOX activation (by PMA) resulted in little or no cell death when present alone, but when present together they caused substantial necrosis. This death was completely prevented by iNOS inhibitor 1400 W, PHOX inhibitor apocynin or by a catalytic decomposer of peroxynitrite, FeTPPS [5, 10, 15 ,20-tetrakis-(4-sulphonatophenyl)porphyrinato-iron(III)] and partially inhibited by PARP inhibitors. Another potential PHOX stimulator, arachidonate, also synergized with iNOS to induce cell death that was completely prevented by 1400 W, FeTPPS, PARP inhibitors and SOD (superoxide dismutase). In contrast, this cell death was insensitive to apocynin, but was blocked by the cyclo-oxygenase inhibitor ibuprofen suggesting that death-inducing peroxynitrite may be derived from a cyclo-oxygenase-dependent pathway in the case of arachidonate. Therefore iNOS expression alone can be relatively benign, but when combined with a major source of superoxide it may result in death mediated by peroxynitrite. One contribution to this synergy may be the ability of NO to stimulate H 2 O 2 production and inhibit H 2 O 2 breakdown by cells [10] . Another mechanism may be via NO and H 2 O 2 reaction at SOD to produce peroxynitrite [15] .
Conclusions
NO by itself is relatively non-toxic to cells and may even protect against cell death. However, combined with hypoxia NO may induce necrosis if glycolysis is limiting and, combined with superoxide or H 2 O 2 , it may induce necrosis via peroxynitrite. In the absence of antioxidants, sustained exposure to NO results in production of ROS and RNS that induce apoptosis or necrosis (Scheme 1).
